Meta Gene 4 (2015) 118-128

Contents lists available at ScienceDirect

META
Meta Gene GENE
GENFE

Initial description of primate-specific cystine-knot
Prometheus genes and differential gene
expansions of D-dopachrome tautomerase genes @C”“M“k

Marko Premzl

Laboratory of Genomics, Centre of Animal Reproduction, 55 Heinzel St., Zagreb 10000, Croatia

ARTICLE INFO ABSTRACT

Article history: Using eutherian comparative genomic analysis protocol and public
Received 3 December 2014 genomic sequence data sets, the present work attempted to update
Revised 10 January 2015 and revise two gene data sets. The most comprehensive third party
Q\C,C;EES gnﬁf:;éaxi?i} 52015 annotation gene data sets of eutherian adenohypophysis cystine-

knot genes (128 complete coding sequences), and b-dopachrome
tautomerases and macrophage migration inhibitory factor genes

Keywords:

Comparative genomic analysis
Gene annotations

Molecular evolution
Phylogenetic analysis

(30 complete coding sequences) were annotated. For example, the
present study first described primate-specific cystine-knot Prometheus
genes, as well as differential gene expansions of D-dopachrome
tautomerase genes. Furthermore, new frameworks of future experiments

of two eutherian gene data sets were proposed.
© 2015 The Author. Published by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

The free availability of public eutherian genomic sequence data sets ushered in new era in field of eutherian
comparative genomics (Flicek et al., 2014; Margulies et al., 2005; Murphy et al., 2001; O'Leary et al., 2013;
Wilson and Reeder, 2005). Indeed, the public eutherian genomic sequences were suitable in computational
analyses (Blakesley et al., 2004; Lindblad-Toh et al., 2011). For example, new human gene annotations were
expected to revise gene data sets (Harrow et al., 2012; International Human Genome Sequencing
Consortium, 2001). In biomedical research, such new human gene annotations were expected to uncover
potential new drugs and drug targets, as well as to contribute to better understanding of both physiological
and pathological processes. For example, the comprehensive eutherian adenohypophysis cystine-knot gene
data sets included major protein hormone genes of both clinical and physiological importance, such as thyroid
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stimulating hormone beta subunit genes, follicle stimulating hormone beta subunit genes, luteinizing hor-
mone beta subunit genes and chorionic gonadotropin genes (Alvarez et al., 2009; Dos Santos et al., 2011;
Jiang et al., 2014; Li and Ford, 1998; Roch and Sherwood, 2014). Likewise, the comprehensive eutherian
D-dopachrome tautomerase and macrophage migration inhibitory factor gene data sets included key regula-
tory immune response genes (Esumi et al., 1998; Merk et al.,, 2011). Yet, because of the incompleteness of
eutherian genomic sequence assemblies (Harrow et al., 2012) and potential sequence errors (International
Human Genome Sequencing Consortium, 2004; Mouse Genome Sequencing Consortium, 2009) eutherian
gene data sets were subject to future updates. For example, the eutherian comparative genomic analysis
protocol was proposed as guidance in protection against sequence errors in public eutherian genomic
sequence assemblies (Premzl, 2014a, 2014b, 2014c). The protocol included new test of reliability of public
eutherian genomic sequences that used genomic sequence redundancies, as well as protein molecular evolu-
tion test that used relative synonymous codon usage statistics. Thus, using public eutherian genomic sequence
data sets and new genomics and protein molecular evolution tests, the present work made attempts to update
and revise gene data sets of eutherian adenohypophysis cystine-knot genes, and eutherian D-dopachrome
tautomerase and macrophage migration inhibitory factor genes respectively.

Materials and methods
Gene annotations

The gene annotations included identification of genes in eutherian genomic sequence assemblies, analysis
of gene features, tests of reliability of eutherian public genomic sequences and alignments of genomic
sequences. The protocol made use of free available genomic sequence data sets in public databases and
software. The BioEdit 7.0.5.3 program was used in nucleotide and protein sequence analyses (http://www.
mbio.ncsu.edu/BioEdit/bioedit.html). The Ensembl genome browser, and its BLAST or BLAT tools were
used in identification of genes in genomic sequence assemblies (http://www.ensembl.org/index.html)
(Flicek et al., 2014). The analysis of gene features used direct evidence of eutherian gene annotations in NCBI's
nr, est_human, est_mouse and est_others databases (http://www.ncbi.nlm.nih.gov). The protocol first
annotated potential coding sequences that were tested using tests of reliability of eutherian public genomic
sequences. The tests made use of genomic sequence redundancies and primary experimental sequence data
in NCBI's Trace Archive database (http://www.ncbi.nlm.nih.gov/Traces/trace.cgi). The first test step included
analysis of nucleotide sequence coverage of each potential coding sequence using primary experimental
sequence data and NCBI's program Netblast (ftp://ftp.ncbi.nlm.nih.gov/blast/documents/netblast.html). The
second test step included classification of potential coding sequences. The potential coding sequences
were designated as complete coding sequences if consensus trace sequence coverage was available for
every nucleotide. Alternatively, they were described as putative coding sequences. The complete coding
sequences were used in phylogenetic and protein molecular evolution analyses. The guidelines of human
and mouse gene nomenclature were used in gene descriptions (http://www.genenames.org/guidelines.
html and http://www.informatics.jax.org/mgihome/nomen/gene.shtml). The complete coding sequence
data sets were reviewed by EBI as third party annotation gene data sets (http://www.ebi.ac.uk/embl/
Documentation/third_party_annotation_dataset.html). The alignments of genomic sequences first included
identification and masking of transposable elements in genomic sequences. The RepeatMasker program
version open-3.3.0 was used, using default settings except simple repeats and low complexity elements
were not masked (sensitive mode, cross_match version 1.080812, RepBase Update 20110920, RM database
version 20110920 (http://www.repeatmasker.org/). However, the PREA1-3 and PREB genomic sequences
were not masked in alignments. Then the mVISTA web tool was used in alignments of genomic sequences
(http://genome.lbl.gov/vista/index.shtml). The default settings and AVID algorithm were used in pairwise
alignments. The cut-offs of detection of common genomic sequence regions in each pairwise genomic se-
quence alignment were determined empirically (Supplementary data files 3 and 9). The potential regulatory
genomic sequence regions were aligned using ClustalW implemented in BioEdit 7.0.5.3, and nucleotide se-
quence alignments were corrected manually. Using BioEdit 7.0.5.3, the pairwise nucleotide sequence identi-
ties of common predicted promoter genomic sequence regions were calculated and used in statistical analysis
(Microsoft Office Excel).
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Phylogenetic analysis

The phylogenetic analysis included alignments of protein sequences, alignments of nucleotide sequences,
calculations of phylogenetic trees and calculations of nucleotide sequence identities. The complete coding
sequences were first aligned at amino acid level using ClustalW implemented in BioEdit 7.0.5.3. Then the
protein sequence alignments and nucleotide sequence alignments were corrected manually. The MEGAS5
program was used in calculations of phylogenetic trees (http://www.megasoftware.net). The phylogenetic
trees were calculated using neighbour-joining method (default settings, except gaps/missing data = pairwise
deletion) (not shown), minimum evolution method (default settings, except gaps/missing data = pairwise
deletion) and maximum parsimony method (default settings, except gaps/missing data = use all sites)
(not shown). However, because their homogeneity and stationarity assumptions were not satisfied, the
maximum likelihood methods were not used in phylogenetic analysis (data not shown). The pairwise
nucleotide sequence identities of complete coding sequences were calculated using BioEdit 7.0.5.3. The calcu-
lations were used in statistical analysis (Microsoft Office Excel).

Protein molecular evolution analysis

The protein molecular evolution analysis included new tests of protein molecular evolution. The tests
integrated patterns of nucleotide sequence similarities of aligned complete coding sequences with protein
tertiary structures. The relative synonymous codon usage statistic R was calculated using MEGAD5 as ratio
between observed and expected amino acid codon counts. The amino acid codons with R < 0.7 were desig-
nated as not preferable amino acid codons. The not preferable amino acid codons in analysis of eutherian
GPB5, TSHB, FSHB and LHB-CGB close gene homologues were: TTT (0.69), TTA (0.03), TTG (0.38), CTA
(0.17), ATT (0.46), ATA (0.52), GTT (0.37), GTA (0.38), TCA (0.27), TCG (0.12), CCG (0.44), ACA (0.59), ACG
(0.33), GCG (0.18), CAA (0.46), AAT (0.63), AAA (0.66), GAT (0.59), GAA (0.62), CGT (0.26), CGA (0.57),
AGT (0.61), GGT (0.36) and GGA (0.64). In analysis of GPAT and GPA2 close gene homologues, they were:
TTA (0.06), TTG (0.52), CTA (0.23), ATT (0.53), ATA (0.52), GTT (0.37), GTA (0.39), TCA (0.34), TCG (0.16),
CCG (0.38), ACG (0.35), GCG (0.25), CAA (0.41), AAT (0.63), GAT (0.7), GAA (0.61), CGT (0.28), CGA (0.53),
GGT (0.51) and GGA (0.68). In analysis of DDT and MIF close gene homologues, the not preferable amino
acid codons were: TTT (0.62), TTA (0.2), TTG (0.61), CTT (0.17), CTA (0.37), ATT (0.5), ATA (0.46), GTT
(0.28), GTA (0.44), TCT (0.22), TCA (0.13), TCG (0.2), CCT (0.53), CCA (0.26), ACT (0.68), ACA (0.44),
GCT = (0.4), GCA (0.29), TAT (0.42), CAT (0.18), CAA (0.09), AAT (0.23), AAA (0.64), GAT (0.19), GAA
(0.1), TGT (0.35), CGT (0.14), (AGT (0.29), AGA (0.14), AGG (0.55), GGT (0.37) and GGA (0.15). In protein mo-
lecular evolution analyses, the reference protein sequence residues were designated as invariant amino acid
sites (invariant alignment positions), forward amino acid sites (variant alignment positions that did not in-
clude amino acid codons with R < 0.7) or compensatory amino acid sites (variant alignment positions includ-
ing amino acid codons with R < 0.7). Thus, the presence of preferable amino acid codons and absence of not
preferable amino acid codons indicated that forward amino acid sites could have major influence on protein
function. Conversely, the presence of not preferable amino acid codons indicated that compensatory amino
acid sites could have minor influence on protein function. The DeepView/Swiss-PdbViever 4.0.1 program
was used for analyses of protein tertiary structures (http://spdbv.vital-it.ch/). The prediction of N-terminal
signal peptide presence was undertaken using SignalP-4.0 (http://www.cbs.dtu.dk/services/SignalP/).

Results and discussion
Initial description of primate-specific cystine-knot Prometheus genes

Gene annotations

The present analysis annotated most comprehensive data set of eutherian adenohypophysis cystine-knot
genes. Among 183 potential coding sequences, the comparative genomic analysis protocol annotated
128 complete coding sequences encoding 11 Prometheus proteins (PREA1-3 and PREB), 23 glycoprotein-B5
proteins (GPB5), 19 thyroid stimulating hormone beta subunits (TSHB), 21 follicle stimulating hormone
beta subunits (FSHB), 19 luteinizing hormone beta subunits and chorionic gonadotropins (LHB and
CGB), 18 glycoprotein hormone alpha subunits (GPA1) and 17 glycoprotein-A2 proteins (GPA2)


http://www.megasoftware.net
http://spdbv.vital-it.ch/
http://www.cbs.dtu.dk/services/SignalP/

M. Premzl / Meta Gene 4 (2015) 118-128

e\

Olycto/aguSB;l’; tau,f,’f GPﬁ 7
aSYpus novemeipe. 7
6 Canis lupus familiaris GPﬁ ‘;
Myotis lucifugus GPA1
Loxodonta africana GPA}
Procavia capensis
Erinaceus euroP
Equus

6
S 1o o
9/ snasp

8HS eyern,
8HSH snyaoef xpiy;;

()
N
<
%
7
%
d
Wwo,
oep’ly

w eop.

ey

121
~
§
coatol
=
ST YD
PENESES o
Laa, QLY YL
'g"""&gquq ka o
$5958¢ °§g§@’@&
Q230 v IV & [OX<) D 4
FIIRSISS N f oS
<] g RN )
B S
umag"?ﬁégg@ A ¢°‘2§°&6‘%“°‘\¢\"(\‘\\°§ \{,"\ﬁe" 2
o N 2V 2
or [ /8 QQ&&&»‘,’\O“"’(\%& ‘\,0"(09’(;\(\"\ &%
N ods /2 g'bQ\“’&:o“eq"‘az\:,«e OIS
R 02&‘39::’0@‘\‘)9% O on
( SRt
E R eggeﬁa;\\,‘;:ba\\oi 9% 8°
g 90°§305;us°"“$9‘§‘.’-‘5 P85
0! \
(53 N‘\?:’ai‘g;gﬂ“!z;:us G.EB:jS opBS
ipoS por i
‘%;‘%vy'gw&gu;u';fu‘; GPB5
Oory Sis luclte - i GPB5
otis fairi G
K Whinops telC:Cana GPBS
li'z;gg‘ijaobelangeri GPB5
72| 99 [o] princeps GPB5
96, Homo sapiens TSHB
s Macaca mulatta TSHB
<, 7Rio hamag,
> 200 r#,"-’a belap, fya's TSHB
/8% 80 > é,[,',s sy,,.cggr/rrs/m
2 TV Cton ! Sarngs
[ slll'sl.oolaglls ety 7S,
4’;‘5"-91',0 S Uy iy, &
0005 s poCary s 1
Contes Lo "Stin S Ty, o8
7,8, Cos 4o, B
© 9,L%0,, %, M, ¢S
£o0L,90 0, 7
£ & R 73,545 6 S 1 Sk,
et 0 3
P RN 2. 7
oovp,‘%w % e O, DY
AR ETH D 20 B % B
T R SN
52388 83% 0% %% %G 9 %
F8533858852 050 %0 T By
S38255 5553 tang b 50
5333038503050 %
MBESSIT 2T =TT
2398%3L 1T v v e
33223133253 %
RSN Y )
m
FL2IJ[DH
®Enzy &
[ A o
-
2w
4

Fig. 1. Phylogenetic analysis of eutherian adenohypophysis cystine-knot genes. The minimum evolution tree of eutherian adenohypophysis
cystine-knot genes was calculated using maximum composite likelihood method. The estimates >50% were shown, after 1000 bootstrap
replicates. The major gene clusters were indicated using numbers (1-7).

(Fig. 1). The gene data set was made available in public databases as one third party annotation gene data
set (http://www.ebi.ac.uk/ena/data/view/HF564658-HF564785) (Supplementary data file 1). The pres-
ent work integrated gene annotations, phylogenetic analysis, and protein molecular evolution analysis
and first described primate-specific cystine-knot genes that were named Prometheus genes (Figs. 1
and 2). Whereas the PREA1-3 genes were annotated in Hominidae genomic sequence assemblies, PREB
gene was annotated in Hominidae and Cercopithecidae genomic sequence assemblies. There were both
direct and indirect evidence of PREA1-3 and PREB gene annotations (Clamp et al., 2007). The direct evi-
dence included gene transcripts (Supplementary data file 2). For example, the present PREA1-3 and
PREB transcript data set annotated seven human PREA2 gene exons, eight human PREA3 gene exons
and nine human PREB gene exons. However, the annotated primate-specific PREA1-3 and PREB ORFs
were encoded by single translated exons (Supplementary data file 3A). Next, in present primate genomic
sequence assemblies, the PREA1-3 and PREB genes were positioned within segmental duplications on
chromosome 17 along minimally ~31-35 kb that showed >90% nucleotide sequence identities (Supple-
mentary data file 3A). For example, the human PREA2 and PREA3 genes were positioned within segmental
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duplications along >243 kb. Likewise, the primate-specific PREA1-3 and PREB ORFs showed nucleotide
sequence similarities to transposable elements. For example, within human PREAT ORF there were
nucleotide sequence similarities to transposable elements MIR3 (151-294 bp) and L2c (359-447 bp).
Finally, the computational gene annotations of new adenohypophysis cystine-knot genes were known
in human GPB5 and GPA2 genes (Hsu et al., 2002; Macdonald et al., 2005).

The present analysis annotated both new and known potential regulatory genomic sequence regions
of eutherian adenohypophysis cystine-knot genes, as guidelines of future experiments. In eutherian
GPB5 promoters, there were two common genomic sequence regions that showed nucleotide sequence
identity patterns that exceeded criteria of detection of potential regulatory genomic sequence regions
(Supplementary data file 3B). In eutherian TSHB promoters, there was one common potential regulatory
genomic sequence region (Supplementary data file 3C, Supplementary data file 4A). For example, the com-
mon potential regulatory genomic sequence region included functional PIT1 and GATA2 cis-elements,
suppressor region and TATA cis-element (Kashiwabara et al., 2009). The average pairwise nucleotide
sequence identity of common potential regulatory genomic sequence region was @ = 0.847 (amax = 0.996,
Amin = 0.745, d,q = 0.034). There was one common potential regulatory genomic sequence region in euthe-
rian FSHB promoters (Supplementary data file 3D, Supplementary data file 4B). For example, the common
potential regulatory genomic sequence region included functional LHX3 cis-elements A-C and TATA cis-
element (West et al., 2004). The average pairwise nucleotide sequence identity of common potential
regulatory genomic sequence region was @ = 0.787 (amax = 0.992, dpin = 0.622, d.q = 0.073). In euthe-
rian LHB-CGB promoters, there were four common potential regulatory genomic sequence regions
(Supplementary data file 3E, Supplementary data file 4C). For example, the common potential regulatory
genomic sequence region 4 included functional SF-1 and Egr-1 cis-elements and TATA cis-element
(Horton and Halvorson, 2004). The average pairwise nucleotide sequence identity of common potential
regulatory genomic sequence region 4 was @ = 0.77 (amax = 0.986, dmin = 0.461, d,q = 0.095).
There were four common potential regulatory genomic sequence regions in eutherian GPA1 promoters
(Supplementary data file 3F, Supplementary data file 4D). For example, the common potential regulatory
genomic sequence region 4 included functional GSE cis-element, CRE cis-element, Hominidae-specific
CRE cis-element and TATA cis-element (Fowkes et al., 2003). The average pairwise nucleotide sequence
identity of common potential regulatory genomic sequence region 4 was @ = 0.766 (amax = 0.983,
min = 0.602, d,qg = 0.06). Finally, in eutherian GPA2 promoters, there were two common potential
regulatory genomic sequence regions (Supplementary data file 3G).

Phylogenetic analysis

The present analysis described seven major gene clusters of eutherian adenohypophysis cystine-knot
genes (Fig. 1). The major gene cluster 1 included primate-specific PREA1-3 and PREB genes. The eutherian
GPB5 genes comprised major gene cluster 2. The eutherian TSHB genes, FSHB genes and LHB-CGB genes
were grouped in major gene clusters 3, 4 and 5 respectively (Li and Ford, 1998). Whereas the eutherian
GPA1 genes were included in major gene cluster 6, major cluster 7 was comprised of eutherian GPA2
genes. The identical major tree branching patterns were calculated using minimum evolution (Fig. 1), neigh-
bour-joining and maximum parsimony methods. The present eutherian adenohypophysis cystine-knot gene
classification was confirmed by calculations of nucleotide sequence identity patterns (Supplementary data
file 5). The major gene cluster 1 paralogues showed high nucleotide sequence identities that were typical
in primate-specific gene expansions. In comparisons with major gene cluster 2 genes, the major gene cluster
1 genes showed nucleotide sequence identity patterns of typical homologues, but in comparisons with other
major gene clusters, major gene cluster 1 genes showed nucleotide sequence identity patterns of distant
homologues. The eutherian major gene cluster 2-7 genes respectively showed nucleotide sequence identities
that were typical in comparisons between eutherian orthologues. In comparisons between major gene cluster
2-5 genes, there were nucleotide sequence identity patterns of close homologues, as well as in comparisons
between major gene cluster 6 and 7 genes. Finally, in comparisons of major gene cluster 2-5 genes with major
gene cluster 6 and 7 genes, there were nucleotide sequence identity patterns of typical homologues. The ex-
ceptions were nucleotide sequence identity patterns of distant homologues between major gene cluster 3 and
6 genes. The present grouping of eutherian LHB-CGB genes into one major gene cluster (Lapthorn et al., 1994;
Li and Ford, 1998) was different to analysis of Hsu et al. (Hsu et al., 2002) that grouped LHB and CGB genes in
two groups. Indeed, the eutherian LHB genes and primate-specific CGB genes showed nucleotide sequence
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identity patterns that were typical in comparisons of eutherian orthologues and paralogues. Finally, the eu-
therian LHB genes and primate-specific CGB genes included common potential regulatory genomic sequence
regions (Supplementary data file 3E, Supplementary data file 4C).
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Protein molecular evolution analysis

In cystine-knot domains, the PREA1-3 and PREB proteins included 8-13 common cysteines and PREA1-3-
and PREB-specific cysteines, GPB5 proteins included 10 common cysteines, TSHB, FSHB and LHB and CGB
proteins included 11 common cysteines and GPA1 and GPA2 proteins included 10 common cysteines
(Fig. 2). The primate-specific PREA1-3 and PREB proteins included new cystine-knot domain cysteine
patterns. For example, the common Cys(2)-1x-Gly-1x-Cys(3) amino acid sequence motif (Alvarez et al.,
2009; Lapthorn et al., 1994) was replaced by Cys(2)-4x-Gly-4x-Cys(3) amino acid sequence motif. Likewise,
the common Cys(5)-1x-Cys(6) amino acid sequence motif (Alvarez et al., 2009; Lapthorn et al., 1994) was
replaced by Cys(5)-2x-Cys(6) amino acid sequence motif. However, one major difference between PREA1-3
and PREB proteins and adenohypophysis cystine-knot homologues was no prediction of N-terminal signal
peptides in primate-specific PREA1-3 and PREB proteins by SignalP analysis. In addition, they did not include
potential N-glycosylation signal sites.

The new tests of protein molecular evolution were used in molecular evolution analysis of eutherian GPB5,
TSHB, FSHB and LHB-CGB close protein homologues, including 82 complete coding sequences (Supplementa-
ry data file 5, Supplementary data file S6). The human FSHB was used as reference protein amino acid
sequence in analysis of FSHB crystal structure 1XWD (Fan and Hendrickson, 2005; Lapthorn et al., 1994). In
human FSHB protein amino acid sequence, there were 16 invariant amino acid sites and 7 forward amino
acid sites (Supplementary data file 7A, Supplementary data file 7C-D). The present analysis described two
amino acid clusters with overrepresented invariant and/or forward amino acid sites that were positioned
between amino acid positions W45-R53 and A97-C105. The amino acid clusters included common amino
acid sequence motifs Cys(2)-1x-Gly-1x-Cys(3) (Cluster 1) and Cys(5)-1x-Cys(6) (Cluster 2) (Fan and
Hendrickson, 2005; Lapthorn et al., 1994). The new tests of protein molecular evolution were used in molec-
ular evolution analysis of eutherian GPA1 and GPA2 close protein homologues including 35 complete coding
sequences (Supplementary data file 5, Supplementary data file S6). Using human GPA1 as reference protein
amino acid sequence and crystal structure 1XWD (Fan and Hendrickson, 2005; Lapthorn et al., 1994),
the present analysis described 27 invariant amino acid sites and 26 forward amino acid sites (Supplementary
data file 7B, Supplementary data file 7E-F). There were five amino acid clusters with overrepresented invari-
ant and/or forward amino acid sites that were positioned between amino acid positions: C31-Q37, F42-T63,
K75-579, C83-G96 and E101-K115. The amino acid cluster 1 included amino acid site Cys(I), amino acid
cluster 2 included common amino acid sequence motif Cys(2)-1x-Gly-1x-Cys(3), amino acid cluster 4
included amino acid site Cys(4) and amino acid cluster 5 included common amino acid sequence motif
Cys(5)-1x-Cys(6) (Fan and Hendrickson, 2005; Lapthorn et al., 1994).

Initial description of primate-specific differential gene expansions of D-dopachrome tautomerase genes

Gene annotations

Among 49 potential coding sequences, the eutherian comparative genomic analysis protocol annotated 30
complete coding sequences of 19 eutherian D-dopachrome tautomerases (DDT) and 11 eutherian migration
inhibitory factors (MIF) (Fig. 3A). The present most comprehensive eutherian DDT and MIF gene data set was
made available in public databases as one third party annotation gene data set (http://www.ebi.ac.uk/ena/

Fig. 3. Analysis of eutherian D-dopachrome tautomerase and macrophage migration inhibitory factor genes. (A) Minimum evolution tree
of eutherian D-dopachrome tautomerase and macrophage migration inhibitory factor genes. The tree was calculated using maximum
composite likelihood method. The estimates >50% were shown, after 1000 bootstrap replicates. The vertical bar labelled primate-specific
differential gene expansions DDT1-4. (B-F) Protein molecular evolution analysis. (B) Reference human DDT1 and MIF protein amino acid
sequences. The invariant amino acid sites were shown using white letters on violet backgrounds. The forward amino acid sites were
shown using white letters on red backgrounds. The amino acid clusters 1-5 with overrepresented invariant or/and forward amino acid
sites were labelled using rectangles. The secondary structure elements were designated according to Sugimoto et al. (1999) for DDT1
crystal structure 1DPT, and according to Sun et al. (1996) for MIF crystal structure 1MIF. The amino acid residues implicated in putative
DDT1 and MIF active sites (Sugimoto et al., 1999) were labelled by #s. (C-D) Analysis of human DDT1 crystal structure 1DPT. (C) Ribbon
representation of human DDT1 crystal structure 1DPT. (D) van-der-Waals representations of amino acid cluster 1-5 amino acids in view
identical to that in C. (E-F) Analysis of human MIF crystal structure 1MIF. (E) Ribbon representation of human MIF crystal structure 1MIF.
(F) van-der-Waals representations of amino acid cluster 1-5 amino acids in view identical to that in E. (C-F) The amino acid cluster 1-5
invariant amino acid sites were labelled violet, forward amino acid sites were labelled red and compensatory amino acid sites were la-
belled white.


http://www.ebi.ac.uk/ena/data/view/HF564786-HF564815

126 M. Premzl / Meta Gene 4 (2015) 118-128

data/view/HF564786-HF564815) (Supplementary data file 8). The present work integrated gene annotations,
phylogenetic analysis and protein molecular evolution analysis and first described primate-specific
differential gene expansions DDT1-4 (Fig. 3A). For example, the human DDT1-4 genes were present in
Hominidae genomic sequence assemblies. There were direct and indirect evidence of gene annotations
of primate-specific differential gene expansions DDT1-4 (Clamp et al., 2007). The direct evidence included
gene transcripts (Supplementary data file 2). The indirect evidence included nucleotide sequence identity pat-
terns of complete coding sequences, untranslated genomic sequence regions, promoters and introns
(Supplementary data file 5, Supplementary data file 9). For example, the human DDT1 exon 1 translated
genomic sequence and exon 2 each showed 100% nucleotide sequence identities in comparisons
with human DDT2 exon 1 translated genomic sequence and exon 2. In addition, the primate-specific DDT2
and DDT3 genes showed nucleotide sequence similarities along human DDT1 promoter and introns.
The primate-specific DDT4 genes showed nucleotide sequence similarities along human DDT1 exon 3.
The alignments of DDT genomic sequences indicated that there was one common potential regulatory ge-
nomic sequence region in DDT and MIF promoters, respectively (Supplementary data file 9).

Phylogenetic analysis

The minimum evolution (Fig. 3A), neighbour-joining and maximum parsimony phylogenetic trees of
eutherian DDT and MIF genes showed similar topologies with identical major branching patterns that
clustered DDT and MIF genes in two major gene clusters. Indeed, the primate-specific DDT1-4 genes
were grouped separately. The present calculations of nucleotide sequence identity patterns between
major gene clusters described typical eutherian DDT and MIF genes as close homologues (Supplementary
data file 5).

Protein molecular evolution analysis

The new tests of protein molecular evolution were used in molecular evolution analysis of eutherian DDT
and MIF close protein homologues including 30 complete coding sequences (Fig. 3B-F, Supplementary data
file 10). The present analysis determined 24 invariant amino acid sites and 13 forward amino acid sites in
reference human DDT1 protein amino acid sequence, and 22 invariant amino acid sites and 12 forward
amino acid sites in reference human MIF protein amino acid sequence. Whereas the amino acids implicated
in putative DDT1 active site (Sugimoto et al., 1999) included five invariant amino acid sites and one forward
amino acid site, amino acids implicated in putative MIF active site (Sugimoto et al., 1999) included four invari-
ant amino acid sites and one forward amino acid site. There were five amino acid clusters with overrepresented
invariant or/and forward amino acid sites determined in reference protein amino acid sequences: cluster 1
(M1-T8 in both DDT1 and MIF), cluster 2 (P16-E20 in DDT1 and P16-E22 in MIF), cluster 3 (A28-P34 in
DDT1 and A30-P34 in MIF), cluster 4 (P56-L60 in DDT1 and P56-C60 in MIF) and cluster 5 (E72-E88 in DDT1
and Q72-R87 in MIF). The present analysis of human DDT1 and MIF crystal structures 1DPT and 1MIF
indicated that amino acids in amino acid clusters 1 and 3, C-terminal part of amino acid cluster 4 and
N-terminal part of amino acid cluster 5 delineated potential human DDT1 and MIF active sites (Sugimoto
et al, 1999).

Conclusions

The present analysis updated and revised gene data sets of eutherian adenohypophysis cystine-knot
genes, and DDT and MIF genes respectively. The most comprehensive third party annotation gene data sets
were annotated. Indeed, the present study first described primate-specific cystine-knot PREA1-3 and PREB
genes, as well as differential gene expansions DDT1-4. The eutherian comparative genomic analysis protocol
proposed new frameworks of future experiments of two eutherian gene data sets.

Supplementary data to this article can be found online at http://dx.doi.org/10.1016/j.mgene.2015.02.005.
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